Post-Translational Modifications in Secreted Peptide Hormones in Plants by Matsubayashi, Yoshikatsu
  More than a dozen secreted peptides are now recognized as 
important hormones that coordinate and specify cellular 
functions in plants. Recent evidence has shown that 
secreted peptide hormones often undergo post-translational 
modiﬁ  cation and proteolytic processing, which are critical 
for their function. Such ‘small post-translationally modiﬁ  ed 
peptide hormones’ constitute one of the largest groups of 
peptide hormones in plants. This short review highlights 
recent progress in research on post-translationally modiﬁ  ed 
peptide hormones, with particular emphasis on their 
structural characteristics and modiﬁ  cation mechanisms.   
  Keywords:    Arabinosylation     •     Peptide  hormone     •     Post-
translational  modiﬁ   cation     •     Sulfation  .  
   Abbreviations  :       CLV3  ,     CLAVATA3   ;      Hyp  ,     hydroxyproline   ; 
    IDA  ,     INFLORESCENCE  DEFICIENT  IN  ABSCISSION   ;      LRR-RK  , 
   leucine-rich  repeat  receptor  kinase   ;      ORF  ,     open  reading  frame   ; 
    PAPS  ,     3 ′ -phosphoadenosine-5 ′ -phosphosulfate   ;        P4H  ,     prolyl 
4-hydroxylase   ;       PSK  ,    phytosulfokine   ;     RGF  ,    root meristem growth 
factor   ;     TDIF  ,    tracheary element differentiation inhibitory factor   ;   
    TPST  ,       tyrosylprotein  sulfotransferase.         
 Introduction 
  Cell-to-cell signaling mediated by secreted signals and mem-
brane-localized receptors is one of the critical mechanisms by 
which growth and development of multicellular organisms are 
cooperatively regulated. Upon binding of signals to the extra-
cellular domain of receptors, these physicochemical inputs are 
converted into physiological outputs activating downstream 
signaling that modulates cellular functions and fates through 
conformational changes in the receptors triggered by signal 
binding. Signal molecules that speciﬁ  cally bind receptors are 
generally referred to as ligands. Because membrane-localized 
receptors act as master switches of complex intracellular signal-
ing, identiﬁ  cation of the ligand–receptor pair is one of the 
central issues of post-genome research. 
  In higher plants, a number of genes encoding small secreted 
peptides have been identiﬁ   ed in Arabidopsis (  Lease and 
Walker 2006  ,   Silverstein et al. 2007  ,   Ohyama et al. 2008  ), and a 
certain proportion of their products are expected to comprise 
candidates for ligands (i.e. hormones). One structurally charac-
teristic group of these peptide hormones comprises small 
post-translationally modiﬁ   ed peptides, including phytosul-
fokine (PSK) ( Matsubayashi and Sakagami 1996 ), PSY1 ( Amano 
et al. 2007  ), tracheary element differentiation inhibitory 
factor (TDIF) ( Ito et al. 2006 ), CLAVATA3 (CLV3) ( Fletcher et al. 
1999  ,   Ohyama et al. 2009  ) and root meristem growth factor 
(RGF) (  Matsuzaki et al. 2010  ) (  Table 1    ). Modiﬁ  cations of these 
peptides, such as post-translational sulfation, hydroxylation 
and arabinosylation, are important for their function. 
  Here, I highlight recent progress in research on post-
translationally modiﬁ   ed peptide hormones, with particular 
emphasis on their structural characteristics and modiﬁ  cation 
mechanisms.   
  Structural characteristics of secreted 
peptide hormones 
  Following complete sequencing of the Arabidopsis genome, 
a number of genes encoding small secreted peptides have been 
identiﬁ  ed by in silico database analysis. Based on our own analy-
sis, we identiﬁ  ed 979 putative secreted peptide genes (SignalP 
score  > 0.75) with an open reading frame (ORF) size between 50 
and 150 amino acids in the Arabidopsis Information Resource 
(TAIR7) genome annotation release (  Ohyama et al. 2008  ). 
These 979 ORFs include many functionally uncharacterized 
peptides, in addition to functionally characterized peptide 
hormones and defense-related peptides such as defensins. 
Although estimation of the total percentage of secreted pep-
tides that function as peptide hormones is difﬁ  cult at present, 
the presence of many ‘orphan receptors’ among receptor-like 
kinases and receptor-like proteins in Arabidopsis (  Shiu and 
Bleecker 2001  ,   Shiu and Bleecker 2003  ,   Wang et al. 2008  ) 
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wsuggests that a substantial number of ligands remain to be 
identiﬁ  ed. 
  Biosynthesis of secreted peptide hormones often involves 
post-translational modiﬁ   cation and proteolytic processing, 
hindering accurate prediction of the structure of mature 
peptides based on primary sequence analysis. Moreover, 
understanding of the process of secretion of soluble cargo to 
the apoplasm in plants is limited (  Rojo and Denecke 2008  ). 
Nonetheless, accumulating evidence suggests that secreted 
peptide hormones can be divided into three groups based on 
their structural characteristics arising from their primary 
sequences and biosynthetic pathways (  Fig. 1       ). 
  In general, secreted peptide hormone genes are initially 
translated as pre-propeptides, followed by removal of the 
N-terminal signal peptide by signal peptidase to afford 
propeptides. The sites of cleavage in pre-propeptides can be 
predicted with a high degree of accuracy by SignalP software 
(  Bendtsen et al. 2004  ). Propeptides are further structurally 
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 Fig.  1       Three distinct biosynthetic pathways of secreted peptide hormones categorized by their structural characteristics. Secreted peptide 
hormones can be categorized into the following three groups: peptides involving complex post-translational modiﬁ  cations followed by extensive 
proteolytic processing; peptides involving intramolecular disulﬁ  de bond formation followed by proteolytic processing; and peptides involving 
multiple intramolecular disulﬁ  de bonds without proteolytic processing. The ﬁ  rst group of peptides are called small post-translationally modiﬁ  ed 
peptides; the latter two groups are deﬁ  ned as cysteine-rich peptides.   
 Table  1       List of structurally characterized small post-translationally modiﬁ  ed peptide hormones in plants   
  Peptide Mature peptide structure 
PSK   Tyr(SO  3 H) -Ile- Tyr(SO  3 H) -Thr-Gln 
PSY1 Asp-  Tyr(SO  3 H) -Gly-Asp-Pro-Ser-Ala-Asn-Pro-Lys-His-Asp-Pro-Gly-Val- [(  L -Ara) 3 ]Hyp - Hyp -Ser 
TDIF His-Glu-Val-  Hyp -Ser-Gly- Hyp -Asn-Pro-Ile-Ser-Asn 
CLV3 Arg-Thr-Val-  Hyp -Ser-Gly- [(  L -Ara) 3 ]Hyp -Asp-Pro-Leu-His-His-His 
CLE2 Arg-Leu-Ser-  Hyp -Gly-Gly- [(  L -Ara) 3 ]Hyp -Asp-Pro-Gln-His-His 
CEP1 Asp-Phe-Arg-  Hyp -Thr-Asn-Pro-Gly-Asn-Ser- Hyp -Gly-Val-Gly-His 
RGF1 Asp-  Tyr(SO  3 H) -Ser-Asn-Pro-Gly-His-His-Pro- Hyp -Arg-His-Asn 
    The sulfated tyrosine residue is shown as Tyr(SO  3  H). The hydroxyproline residue is shown as Hyp. The hydroxyproline 
residue modiﬁ  ed with three residues of   L  -arabinose is shown as [(  L -Ara) 3 ]Hyp.  
6
Y. Matsubayashi
Plant Cell Physiol. 52(1): 5–13 (2011)  doi:10.1093/pcp/pcq169  © The Author 2010.modiﬁ  ed by several modiﬁ  cation enzymes to give biologically 
functional mature peptides. 
  From the structural point of view, one major group of 
secreted peptide hormones are those characterized by the 
presence of post-translational modiﬁ   cations mediated by 
speciﬁ  c transferases and by their small size (  <  20 amino acids) 
resulting from proteolytic processing (  Fig. 1  ). This peptide 
hormone group includes PSK (  Matsubayashi and Sakagami 
1996  ), tobacco hydroxyproline-rich systemin (TobHypSys) 
(  Pearce et al. 2001a  ), PSY1 (  Amano et al. 2007  ), TDIF (  Ito et al. 
2006  ), CLV3 (  Fletcher et al. 1999  ,   Ohyama et al. 2009  ), 
CLAVATA3/ESR-Related 2 (CLE2) (  Ohyama et al. 2009  ), 
C-terminally encoded peptide 1 (CEP1) (  Ohyama et al. 2008  ) 
and RGF1 (  Matsuzaki et al. 2010  ) (their functions are brieﬂ  y 
described below). Hereinafter, these peptides are designated as 
‘small post-translationally modiﬁ  ed peptides’. 
  Interestingly, primary sequences of these peptides have 
common structural features. Their multiple paralogous genes 
primarily encode approximately 70–110 cysteine-poor secreted 
peptides that exhibit signiﬁ  cant sequence diversity, with the 
exception of the conserved C-terminal domains that corre-
spond to the mature peptide sequences (  Fig. 2       ). I speculate 
that a number of amino acid substitutions were accumulated 
within the sequences digested by proteolytic processing during 
molecular evolution. In this context, genes encoding paralogous 
secreted peptides with similar features may encode small post-
translationally modiﬁ  ed peptides. Indeed, CEP1 and RGF1 were 
identiﬁ  ed by in silico screening of the peptide families with 
A
B
C
D
E
 Fig.  2       Structural characteristics of primary amino acid sequences of precursor polypeptides that represent small post-translationally modiﬁ  ed 
peptides. Deduced amino acid sequences of (A) PSK, (B) PSY1, (C) CLV3 and CLE2, (D) CEP1 (E) RGF1, and their representative homologs are 
shown. Domains encoding mature peptides are underlined. Identical amino acid residues are highlighted in black, and similar amino acid residues 
are highlighted in gray.   
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Another such candidate is INFLORESCENCE DEFICIENT IN 
ABSCISSION (IDA) that positively regulates ﬂ  oral organ abscis-
sion (  Butenko et al. 2003  ,   Stenvik et al. 2008  ). IDA and its ﬁ  ve 
homologs, IDA-LIKE (IDLs), share conserved domains near the 
C-terminus, and short synthetic peptides of this conserved 
domain mimic IDA functions. 
  In contrast, another group of secreted peptide hormones is 
characterized by the presence of an even number of cysteine 
residues (typically six or eight) that participate in the formation 
of intramolecular disulﬁ  de bonds (  Fig. 1  ). Many secreted pep-
tides including antibiotic peptide defensins belong to this 
group and are referred to as ‘cysteine-rich peptides’. A repre-
sentative peptide hormone in this group is  S -locus cysteine-rich 
protein/  S  -locus protein 11 (SCR/SP11), a male determinant of 
self-incompatibility in   Brassica   species (  Schopfer et al. 1999  , 
 Takayama et al. 2000 ). SCR/SP11 has been chemically conﬁ  rmed 
to be secreted after disulﬁ  de bond formation without prote-
olytic processing (  Mishima et al. 2003  ;   Takayama et al. 2001  ). 
I speculate that TAPETUM DETERMINANT1 (TPD1), a peptide 
required for the specialization of tapetal cells in the anther 
(  Yang et al. 2003  ), and LUREs, polypeptides involved in pollen 
tube guidance (  Okuda et al. 2009  ), also belong to this group 
due to their total number and location of cysteine residues, 
although their in vivo structures have not been chemically 
characterized. 
  As a third group, some cysteine-rich peptide, such as 
rapid alkalinization factor (RALF) (four cysteine residues), a 49 
amino acid peptide suggested to be involved in various aspects 
of plant development ( Pearce et al. 2001b ,  Wu et al. 2007 ,  Covey 
et al. 2010  ), and stomagen (six cysteine residues), a 45 amino 
acid peptide that positively regulates stomatal density (  Kondo 
et al. 2010  ,   Sugano et al. 2010  ), involve proteolytic processing 
even though they have intramolecular disulﬁ  de bonds (  Fig. 1 ). 
In both of these peptides, cysteine residues are clustered within 
the C-terminal region of the propeptides and the N-terminal 
cysteine-poor region is digested by processing, suggesting that 
the cysteine-rich region stabilized by intramolecular disulﬁ  de 
bonds is resistant to proteolytic digestion by the processing 
enzymes. Stomagen belongs to the EPIDERMAL PATTERNING 
FACTOR (EPF) peptide family, and EPF1 and EPF2, cysteine-rich 
peptides that act as negative regulators of stomatal clustering 
and density (  Hara et al. 2007  ,   Hara et al. 2009  ,   Hunt and Gray 
2009  ), may also involve proteolytic processing.     
 Post-translational  modiﬁ  cations found 
in secreted peptide hormones 
  Accumulating evidence indicates that all small secreted 
peptides lacking cysteine residues in the mature peptide 
sequence always involve some post-translational modiﬁ  cations. 
Post-translational modiﬁ  cations are known to affect peptide 
conformation through steric interactions with the peptide 
backbone, thereby modulating the binding ability and speciﬁ  c-
ity of peptides for target proteins. To date, three types of 
post-translational modiﬁ   cations have been identiﬁ   ed in 
secreted peptide hormones from plants: tyrosine sulfation, 
proline hydroxylation and hydroxyproline arabinosylation.   
 Tyrosine  sulfation 
  Tyrosine sulfation is a post-translational modiﬁ  cation found 
in peptides and proteins synthesized through the secretory 
pathway of most eukaryotes, including higher plants. This 
modiﬁ  cation is mediated by a speciﬁ  c enzyme, tyrosylprotein 
sulfotransferase (TPST), which catalyzes the transfer of sulfate 
from 3  ′ -phosphoadenosine  5 ′  -phosphosulfate (PAPS) to the 
phenolic group of tyrosine (  Moore 2003  ) (  Fig. 3       ). Although 
the tyrosine sulfation motif in peptides is not clear-cut, the 
minimum requirement for tyrosine sulfation in plants is the 
presence of an aspartic acid residue N-terminally adjacent to 
a tyrosine residue, namely the Asp–Tyr sequence. Multiple 
acidic amino acids near this tyrosine residue also signiﬁ  cantly 
enhance sulfation (  Hanai et al. 2000  ). 
  In mice and humans, tyrosine sulfation is mediated by two 
structurally related proteins, TPST-1 and TPST-2 (  Beisswanger 
et al. 1998 ,  Ouyang et al. 1998 ). TPSTs are approximately 50 kDa 
type II transmembrane proteins localized in the   trans -Golgi 
network. Their orthologs have been found in invertebrates 
such as   Caenorhabditis elegans   and   Drosophila melanogaster  
(  Moore 2003  ). However, no orthologs of TPST-1 and TPST-2 
have been identiﬁ   ed in Arabidopsis or other plant species. 
Nevertheless, signiﬁ  cant TPST activity has been detected in 
microsomal fractions of various plant species ( Hanai et al. 2000 ), 
suggesting that plant TPST has evolved in a manner distinct 
from its animal counterpart. 
 Recent  afﬁ  nity puriﬁ  cation studies revealed that Arabidopsis 
TPST (AtTPST) is a Golgi-localized 62 kDa transmembrane pro-
tein (  Komori et al. 2009  ). AtTPST is expressed throughout the 
plant body, and the highest levels of expression are in the root 
apical meristem. AtTPST orthologs were found in other higher 
plants, such as rice and maize, and in the moss   Physcomitrella 
patens  , but not in yeast or animals. Indeed, AtTPST shows no 
sequence similarity with animal TPSTs, even though both 
enzymes catalyze identical sulfate transfer reactions using the 
same co-substrate, PAPS. Moreover, AtTPST is a type I trans-
membrane protein with the transmembrane domain located 
near its C-terminus, whereas animal TPSTs are type II trans-
membrane proteins with the transmembrane domain located 
near its N-terminus. This structural diversity strongly suggests 
that the   AtTPST   gene has evolved from an ancestral gene 
distinct from that of animal TPSTs. In other words, plants and 
animals independently acquired enzymes for tyrosine sulfation 
through convergent evolution. Moreover, a loss-of-function 
mutant of  AtTPST  ( tpst-1 ) displayed a marked dwarf phenotype 
accompanied by stunted roots, disorganized root meristem, 
pale green leaves, reduction in higher order veins and early 
senescence, suggesting diverse roles for sulfated peptides in 
plant growth and development (  Komori et al. 2009  ). 
  To date, three tyrosine-sulfated peptide hormones, 
PSK, PSY1 and RGF1, have been found in plants. PSK is a ﬁ  ve 
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(  Table 1  ). It was initially identiﬁ  ed as a growth-promoting 
signal involved in the ‘density effect’ in plant cell cultures 
(  Matsubayashi and Sakagami 1996  ). In general, proliferation of 
plant cells is suppressed under low-density culture conditions 
but promoted by the external addition of ‘conditioned’ 
medium derived from the rapidly growing high-density culture, 
suggesting that individual cells in culture secrete the growth-
promoting signal into the medium. This growth-promoting 
signal was puriﬁ  ed and named PSK. PSK is produced from   ∼ 80 
amino acid precursor peptides via post-translational sulfation 
by TPST and proteolytic processing (  Fig. 2A  ) (  Yang et al. 1999  , 
  Matsubayashi et al. 2006  ). In vitro studies suggest that this 
proteolytic processing is mediated, at least in part, by a subtili-
sin-like serine protease, AtSBT1.1 (  Srivastava et al. 2008  ). Genes 
encoding PSK precursors are widely expressed in a variety of 
tissues and up-regulated by wounding (  Matsubayashi et al. 
2006  ). Further biochemical analysis reveals that PSK is recog-
nized by a membrane-localized leucine-rich repeat receptor 
kinase (LRR-RK), PSKR1 (  Matsubayashi et al. 2002  ). Disruption 
of PSKR1 and its two homologs in Arabidopsis causes pleiotro-
pic growth defects such as short roots, smaller leaves and early 
senescence (  Matsubayashi et al. 2006  ,   Amano et al. 2007  ). 
  The second sulfated peptide, PSY1, is an 18 amino acid 
secreted glycopeptide containing one residue of sulfated 
tyrosine (  Table 1 )  ( Fig. 2B  ); this glycopeptide was identiﬁ  ed 
by exhaustive analysis of tyrosine-sulfated peptides in plant cell 
culture media (  Amano et al. 2007  ). PSY1 is expressed in various 
Arabidopsis tissues and promotes cellular proliferation and 
expansion at nanomolar concentrations. 
 The third sulfated peptide, RGF1, is a 13 amino acid secreted 
peptide involved in maintenance of the root stem cell niche 
in Arabidopsis (  Table 1  ) (  Matsuzaki et al. 2010  ). RGFs are pro-
duced from   ∼  100 amino acid precursor peptides via post-
translational sulfation and proteolytic processing (  Fig. 2E ). 
RGF1 was identiﬁ  ed by a search of the sulfated peptide(s) 
that recovers root meristem defects of the   tpst-1   mutant 
in combination with in silico screening of genes encoding 
sulfated peptides and practical bioassays using synthetic sul-
fated peptides. This approach is based on the assumption 
that phenotypes of the   tpst-1   mutant reﬂ  ect the deﬁ  ciency in 
the biosynthesis of all functional tyrosine-sulfated peptides. 
As mentioned above,   tpst-1   shows a stunted root phenotype 
accompanied by loss of maintenance of stem cells and a 
considerable decrease in meristematic activity. Interestingly, 
two sulfated peptide hormones, PSK and PSY1, promoted cell 
elongation activity of   tpst-1   roots but did not restore mer-
istematic activity, indicating that tyrosine-sulfated peptide(s) 
other than PSK and PSY1 is involved in maintenance of root 
stem cells and regulation of meristematic activity. 
  RGF family peptides are expressed mainly in the stem cell 
area and the innermost layer of central columella cells, and 
diffuse into the meristematic region through the apoplast. RGF 
peptides regulate root development by stabilizing PLETHORA 
transcription factor proteins which are speciﬁ  cally expressed 
in root meristem and mediate patterning of the root stem 
cell  niche.   
 Proline  hydroxylation 
  Another important class of post-translational modiﬁ  cations in 
plant peptide hormones is proline hydroxylation. This modiﬁ  ca-
tion is mediated by prolyl 4-hydroxylase (P4H), which catalyzes 
oxidation of proline residues exclusively at the fourth position 
carbon. P4H belongs to a family of 2-oxoglutarate-dependent 
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 Fig.  3       Tyrosine sulfation by tyrosylprotein sulfotransferase (TPST). TPST catalyzes the transfer of sulfate from the sulfate donor 
3  ′ -phosphoadenosine-5 ′  -phosphosulfate (PAPS) to the hydroxyl group of a tyrosine residue to form a tyrosine sulfate ester and adenosine 3  ′ ,
5  ′  -diphosphate (PAP). R  1   and R  2   represent peptide chains.   
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(  Myllyharju 2003  ). P4H is a type II membrane protein with the 
transmembrane domain located near its N-terminus. It localizes 
in both the endoplasmic reticulum (ER) and Golgi. To date, 
two   P4H   genes and nine homologs have been identiﬁ  ed  in 
Arabidopsis (  Hieta and Myllyharju 2002  ,   Tiainen et al. 2005  , 
  Yuasa et al. 2005  ). Arabidopsis P4H proteins show an approxi-
mately 25  %   identity to the catalytically important C-terminal 
regions of the human P4H (I) and (II) subunits. Although 
some sequence motifs have been reported for efﬁ  cient proline 
hydroxylation (  Shimizu et al. 2005  ), no consensus sequence has 
been determined for proline hydroxylation of secreted peptide 
hormones in plants. Hydroxyproline (Hyp) residues have been 
found in TobHypSys (  Pearce et al. 2001a  ), TomHypSys (  Pearce 
and Ryan 2003  ), PSY1 (  Amano et al. 2007  ), TDIF (  Ito et al. 2006  ), 
CEP1 (  Ohyama et al. 2008  ), CLV3 (  Kondo et al. 2006  ,   Ohyama 
et al. 2009 ), CLE2 ( Ohyama et al. 2009 ) and RGF1 ( Matsuzaki et al. 
2010  ). Among them, Hyp residues of TobHypSys, TomHypSys, 
PSY1, CLV3 and CLE2 are further modiﬁ  ed with a pentose sugar 
such as   L -arabinose, as described in the next section. 
  TDIF is a 12 amino acid peptide in which two proline 
residues are hydroxylated. This peptide was initially identiﬁ  ed 
as an inhibitory factor of transdifferentiation of dispersed 
Zinnia (  Zinnia elegans   L.) mesophyll cells into tracheary 
elements (the main conductive cells of the xylem) (  Ito et al. 
2006  ). The TDIF peptide suppresses xylem cell development 
at subnanomolar concentrations and promotes cell division 
in vitro. The TDIF sequence was identical to the C-terminal 
12 amino acids of Arabidopsis CLE41 and CLE44. Further in vivo 
studies have revealed that the TDIF/CLE41/CLE44 peptides 
expressed in phloem and neighboring cells are recognized by 
TDR/PXY, an LRR-RK located in the plasma membrane of 
procambial cells, and control the procambial cell fate 
(  Hirakawa et al. 2008  ). This signal suppresses xylem cell differ-
entiation of procambial cells and promotes their proliferation. 
Recent genetic analyses have shown that   WOX4   transcription 
factor is required for promoting the proliferation of procam-
bial/cambial stem cells in response to the TDIF/CLE41/CLE44 
signal (  Hirakawa et al. 2010  ). 
  Another Hyp-containing peptide is CEP1, a 15 amino acid 
peptide with two Hyp residues. CEP1 was initially identiﬁ  ed 
by in silico gene screening for structural features of pre-
propeptides of known small post-translationally modiﬁ   ed 
peptides (  Ohyama et al. 2008  ). The common feature of known 
small post-translationally modiﬁ  ed peptide hormones is that 
they are encoded by multiple paralogous genes. In addition, 
the primary products of these genes are approximately 
70–110 amino acid cysteine-poor secreted peptides that 
exhibit signiﬁ  cant sequence diversity, with the exception of 
short conserved domains that correspond to the mature 
peptide sequences. CEP1 family peptides fulﬁ  ll these criteria. 
CEP1 is mainly expressed in the lateral root primordia and, 
when overexpressed or externally applied, signiﬁ  cantly arrests 
root growth. Therefore, it is a strong candidate as a novel 
peptide  hormone.   
O
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 Fig.  4       Proposed structure of hydroxyproline-bound triarabinoside. 
Linear   β  -1,2-linked triarabinoside is suggested to be a common 
structure in glycopeptide hormones. R  1   and R  2   represent peptide 
chains.  
 Hydroxyproline  arabinosylation 
  Recent biochemical analysis revealed that Hyp residues of 
several secreted peptide hormones such as PSY1, CLV3 and 
CLE2 are further modiﬁ  ed with an   O -linked   L -arabinose  chain 
(  Amano et al. 2007  ,   Ohyama et al. 2009  ). Linkage analysis of 
the sugar moiety of CLV3 by gas chromatography–mass 
spectometry (GC-MS) and   α - L -arabinofuranosidase  treatment 
suggests that arabinose residues are linked to each other via 
  β  -1,2-bonds (  Ohyama et al. 2009  ) (  Fig. 4       ). Nuclear magnetic 
resonance (NMR) analysis of Hyp-bound linear triarabinoside 
isolated from cell wall preparations of Arabidopsis cell suspen-
sion cultures also indicates the presence of   β -1,2-linked 
sugars (  Bollig et al. 2007  ). Linear   β -1,2-linked  triarabinoside 
has been found in lectins derived from potato tubers (  Ashford 
et al. 1982  ), and from Hyp-rich glycoproteins derived from 
cell wall preparations of suspension-cultured tobacco cells 
(  Akiyama and Kato 1976  ,   Akiyama et al. 1980  ). In contrast, 
  N  -linked glycans that are often found in many extracellular 
proteins have never been detected in secreted peptide 
hormones. 
  PSY1 was the ﬁ  rst structurally characterized arabinosylated 
peptide hormone. This 18 amino acid secreted glycopeptide 
contains one sulfated tyrosine residue (described above) and 
two Hyp residues, one of which is further modiﬁ  ed with three 
  L  -arabinose residues (  Amano et al. 2007  ). 
  CLV3 is a peptide signal that regulates stem cell fate in 
Arabidopsis shoot apical meristem (  Fletcher et al. 1999  ). It was 
also determined to be post-translationally modiﬁ  ed with three 
  L  -arabinose residues (  Ohyama et al. 2009  ). Arabinosylated CLV3 
peptide was identiﬁ  ed in the culture medium of whole-plant 
submerged cultures of CLV3-overexpressing Arabidopsis plants. 
In submerged cultures, Arabidopsis plants develop cuticle-less 
hyperhydric leaves with large intercellular spaces ﬁ  lled with 
water, through which secreted peptides in the apoplast 
diffuse into the culture medium (  Ohyama et al. 2008  ). The 
mature CLV3 peptide was determined to be a 13 amino acid 
10
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translationally modiﬁ   ed with three   L -arabinose  residues 
(  Ohyama et al. 2009  ). This arabinosylated CLV3 peptide 
interacts more strongly with the ectodomain of CLV1, one of 
the receptor components for CLV3, than non-arabinosylated 
forms. 
  By the same approach, the mature CLE2 peptide was 
investigated in whole-plant submerged cultures of CLE2-
overexpressing Arabidopsis plants. As is the case with CLV3, 
mature CLE2 was determined to be a 12 amino acid peptide 
with the seventh Hyp residue post-translationally modiﬁ   ed 
with three   L  -arabinose residues (  Ohyama et al. 2009  ). 
Interestingly, the CLE2 glycopeptide binds CLV1 with nanomo-
lar binding afﬁ   nity. Although the expression pattern and 
physiological function of   CLE2   in Arabidopsis plants is yet to be 
characterized, these results suggest that CLE2 functions as 
a ligand for CLV1. In legume plants,   CLE2   orthologs,   LjCLE-RS1  
and   LjCLE-RS2  , are thought to act as root-derived mobile 
signals that systemically regulate nodule numbers through 
the   CLV1   ortholog,   HAR1   receptor kinase (  Okamoto et al. 
2009 ). Binding of the CLE2 glycopeptide to CLV1 in Arabidopsis 
strongly supports the molecular basis of this autoregulation 
model. 
 Although sugar composition and linkage have not been deter-
mined, defense-related peptides TobHypSys and TomHypSys 
also contain multiple Hyp residues modiﬁ   ed with multiple 
pentose residues (  Pearce et al. 2001a  ,   Pearce and Ryan 2003  ). 
TobHypSys and TomHypSys were isolated from tobacco or 
tomato leaf extracts due to their ability to cause a pH increase 
when added to the medium of suspension-cultured tobacco 
cells. A link has been suggested between proton ﬂ  ux across 
the plasma membrane and the induction of defense genes 
(  Schaller and Oecking 1999  ). Both TobHypSys and TomHypSys 
show proteinase inhibitor-inducing activities at nanomolar 
concentrations. Chemically synthesized TobHypSys peptides 
lacking sugar chains were found to be 10,000 times less active 
than native polypeptides, suggesting that the sugar chains are 
important for their activity. 
  In general,   O  -glycosylation occurs from the successive 
addition of nucleotide-activated sugars catalyzed by glycosyl-
transferases in the Golgi. Biosynthesis of Hyp-bound   β -1,2-
linked triarabinoside is thought to involve two distinct 
arabinosyltransferases. The ﬁ  rst one is responsible for the for-
mation of a   β  -linkage with a 4-position Hyp (hydroxyproline 
arabinosyltransferase), and the second one mediates a   β -1,2-
linkage between arabinofuranose residues (arabinosyltrans-
ferase). Recent chemical genetic screening suggests that 
  XEG113   (At2g35610) may encode   β -1,2-arabinosyltransferase 
(  Gille et al. 2009  ). In contrast, there are no reports yet on 
hydroxyproline  arabinosyltransferase.    
 Future  perspective 
  In a classical research approach, candidates of hormones have 
been identiﬁ  ed by repeated puriﬁ  cations based on their speciﬁ  c 
biological activities. The feasibility of using this approach, 
however, largely depends on the quality and sensitivity of the 
bioassay system. Another major limitation of this approach is 
the lack of an established bioassay system to detect peptide 
hormones with an unexpected class of functions. In this 
context, an alternative strategy for identiﬁ  cation of novel hor-
mones is needed to overcome limitations of bioassay-based 
approaches. 
  From a structural point of view, small post-translationally 
modiﬁ  ed peptides are produced through a secretory pathway 
after post-translational modiﬁ   cation and then proteolytic 
processing. These processes involve at least two enzymes, 
namely a post-translational modiﬁ  cation enzyme and a prote-
olytic processing enzyme. Post-translational modiﬁ  cation also 
requires co-substrates such as the sulfation donor PAPS and 
the arabinosylation donor UDP-  L  -arabinose synthesized using 
ATP. Thus, biosynthesis of small post-translationally modiﬁ  ed 
peptides requires considerably higher energy compared with 
normal proteins and peptides. Nevertheless, a number of post-
translationally modiﬁ  ed peptides have been evolutionarily con-
served, suggesting that these ‘expensive’ modiﬁ   ed peptides 
afford physiological merits to the plants greater than their 
energy costs. In this context, post-translational modiﬁ  cations 
(as well as proteolytic processing) can be indicative of biologi-
cally active peptides. Indeed, the peptidomics approach target-
ing sulfated peptides has successfully identiﬁ  ed a novel peptide 
hormone, PSY1 (  Amano et al. 2007  ), and an in silico gene 
screening approach has uncovered a Hyp-containing peptide 
hormone candidate, CEP1 (  Ohyama et al. 2008  ). Thus, post-
translationally modiﬁ  ed peptides appear to be good candidates 
for peptide hormones. 
  Another important aspect of post-translationally modiﬁ  ed 
peptide research involves phenotypic analysis of loss-of-
function mutants of post-translational modiﬁ  cation enzymes. 
Because post-translational modiﬁ   cation enzymes recognize 
particular sequences within multiple target peptides, their 
loss of function should be reﬂ  ected as deﬁ  ciencies in the bio-
synthesis of modiﬁ  ed peptides. Thus, the presence of novel 
post-translationally modiﬁ   ed peptide hormones should be 
revealed through phenotypic analysis of such mutants. Indeed, 
a novel peptide hormone, RGF1, was successfully identiﬁ  ed by 
a search of the sulfated peptide(s) that recovers root meristem 
defects of the   tpst-1   mutant (  Matsuzaki et al. 2010  ). In this 
context, identiﬁ  cation of hydroxyproline arabinosyltransferase, 
followed by phenotypic analysis of loss-of-function mutants of 
this enzyme, could provide a clearer picture of the functions of 
arabinosylated peptide hormones in plants.     
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